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first action of an intracrystalline sweUing agent is to break those hydrogen ; 
bonds between the cellulose chains which exist along the ab plane of the ; 
unit cell (see Fig. 5). If "the swelling agent has only one polar group winch j 
forms a bond with the hydroxyl of the cellulose chain, then the plane of the : . 
glucose unit rotates approximately 30° and forms bonds with its next } 
neighbor in the center of the unit cell. This shifts the plane o the glucose j 
residues from the ab plane to a plane bisecting the ab and cb planes so that . 
the hydroxyl groups now lie in the 101 plane. The plane containing the : 
van der Waal? forces is thus shifted from the 002 to the 101 crystalln- 
graphic plane. These van der Waals' forces are little disturbed by the en- 
trance of the swelling agent and as a result the 101 interplanar distance is 
not a function of the molecular size of the swelling agent. The mam valence 
chains are held together along the (101) plane by bonds formed through 
the sweUing agent, and as a result the 101 interplanar distance is a function • 
of the molecular size of the swelling agent. This mechanism of swelling , 
would explain why a swelling agent which has only one hydrogen bonding j 
atom gives the hvdrate unit cell structure upon removing the swelling j 
agent, while those containing two hydrogen bonding atoms at each end of j 
the swelling molecule (e. g., diamines) hold the plane of the glucose unit ... : 
the ab plane of the unit cell and thus assist the bonds between the glucose . 
units to reunite in a manner characteristic of the native structure when th<! s 
swelling agent is removed. 

(d) Mercerization 

Technically, the most important of swelling phenomena is the action of| 
sodium hydroxide on cellulose, known as mercerization. The name is <k- J 
rived from the fact that John Mercer in 1844 observed that if cotton, either | 
in the form of yarn or fabric, was treated with strong sodium hydroxide, H« 
suffered considerable shrinkage, and that its tensile strength, chem.eidg 
reactivity, and dye absorption increased. Modern textile mercerization .*| 
associated with increased luster and tensile strength obtained by treat,n«| 
cotton under tension. The mercerizing effect may be obtained also by other^ 
alkali hydroxides, organic bases, certain salt solutions, liquid ammonia. ^ 
and strong acids. In the viscose rayon industry, the term mercenzat.o.,| 
has a specialized meaning, in that it refers only to the aging of alkah i cellug 
lose, but in the textile industry mercerization usually refers to the physic.^ 
aspects of the process and the resulting product. A comprehensive d.s-| 
™ nf mercerization may be found in a recent book by Marsh. 1 



i of mercerization may be found ii 
I T. Marsh, Mercerising. Chapman & Hall, London, 1941. 
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A. X-RAY EXAMINATION ~' - 

has taken place, and it must be — that the ^^^^ note 
cellulose has now become accessible to the aiKan. * 

cellulose fiber as evidenced by x-ray analysis. 
The x-ray examination of mercerization has been of two types, (1) ray 
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diagrams obtained when the alkali is left in the fibers, and (2) examination | 
of the fibers after removal of the alkali. When one examines cotton after ;| 
removal of the alkali, three general types of x-ray diffraction patterns arc 
obtained showing either (1) native cellulose, (2) or completely mercerized ^ 
cellulose, or (3) both native and mercerized cellulose. 




The effect of temperature and concentration on the type of x-ray pat- 
terns obtained for raw cotton 141 after treatment with alkali is shown in 
Figure 26. Upon examining Figure 26, it is apparent that complete mer- 
cerization is obtained at room temperature (20° C.) when the concentra-: 
tion of sodium hydroxide is above 13 to 14%. As the temperature is low- 
ered, the concentration required for complete mercerization becomes in- 

141 W. A. Sisson and W. R. Saner, J. Pkys. Chem., 45, 717 (1941). 
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ture of the sodium hydroxide-impregnated fiber before the sodium hydrox- 
ide within the fiber is diluted to a concentration beyond which a reaction 
typical of the new temperature cannot take place. 

X-ray studies show that the native pattern is changed to the mercerized 
form within a few seconds upon treatment with 1S% sodium hydroxide at 
room temperatures. Above about 75°C. a partially mercerized pattern is 
obtained which gradually changes to complete mercerization after heating 
for days. This gradual change could be due to a slow mercerization reac- 
tion but it appears more probable that the intracrystalline swelling attains 
equilibrium in a short time and that the effect of prolonged action is due to 
degradation. Fibers treated in the absence of oxygen with 25% NaOH at 
75°C. still show partial mercerization after 15 days' treatment. 

The x-ray diagram of cotton partially mercerized at room temperature 
indicates that the native and the mercerized cellulose exist as two separate 
crystalline phases. In samples which have been partially reverted at high 
temperatures, however, there is less definite indication of- two distinctly 
separate crystalline phases. The two inner lines of the native x-ray pat- 
tern are not clearly resolved, which would indicate the possibility of a 
mixed crystallization. Partial mercerization appears to be connected in 
some way with fiber structure since cotton fibers cut into short sections show 
less partial mercerization while those ground to a fine powder show only 
■ complete mercerization. 
Effect of Degradation. When cotton fibers are oxidized or hydrolyzed 
with acids, the area of partial mercerization is gradually decreased as 
degradation proceeds"! (see Fig . 2 7). Furthermore, degraded fibers are 
more highly swoUen after treatment with sodium hydroxide, especially at low 
temperatures and concentrations. X-ray and microscopic studies indicate 
that the increased swelling is largely of the intermicellar type since the 
degraded fibers still give the same alkali cellulose diagram as the original 
fibers. This increased intermicellar swelling as a result of degradation leads 
to dispersion in sodium hydroxide solution, which is greatest at a concen- 
tration of approximately 10% and a temperature near the freezing point. 

Since degradation apparently changes the limited intermicellar swelling 
to the unlimited type, without affecting the nature of the intramiceHar 
swelling, one would expect sodium hydroxide solutions of degraded cotton 
to consist largely of gel particles suspended in a complete molecular dis- 
persion of degraded cellulose. This would be in keeping with the fact that 
weak films and fibers are always obtained with cellulose regenerated from 
sodium hydroxide solution, the low-viscosity continuous phase having low 
inherent strength. In rayons, the solubility in sodium hydroxide is ap- 



s 



ire the sodium hydrox- 
yond which a reaction 

nged U) the mercerized 
\ sodium hydroxide at 
r mercerized pattern is 
terization after heating 
ow mercerization reac- 
stalline swelling attains 
jlonged action is due to 
en with 25% NaOH at 
treatment. 

i at room temperature 
se exist as two separate 
rtially reverted at high 
ation of two distinctly 
f the native x-ray pat- 
ite the possibility of a 
ars to be connected in 
into short sections show 
fine powder, show only 

Dxidized or hydrolyzed 
gradually decreased as 
jre, degraded fibers are 
Iroxide.especially at low 
roscopic studies indicate 
-miceUar type since the 
diagram as the original 
suit of degradation leads 
is greatest at a concen- 
ear the freezing point. 
Kl intermicellar swelling 
ore of the intramicellar 
ions of degraded cotton 
complete molecular dis- 
cing with the fact that 
Uulose regenerated from 
nuous phase having low 
odium hydroxide is ap- 



■\ X-RAY EXAMINATION 

amorphous cellulose appears to be of greater P 
. degree of polymerization. . ^ out by H ess and 

The effect of tension on ««^^J^ re £ a ted with both sodium 
Trogus. 142 Their experiments, which have oe 




% Concentration NaOH 



Mercerize O 



Fig. ^.-Graphical Representation ■ of i the Resets 0™™=° J™. ^ RB 

\ Z™,T^^Z "« V«- JEMPERATUR.ES AH. COH- 
| CEHTRATIOHS ^^^^ „ rt 

: intramicellar swelling may be partially pr stretchiag the fibers 

under tension during the ^^/^^ hydroxide. Wben the 
before and during t> washing out f^^^ ^ 30 10 35% NaOH 
fibers are held under tension it may be nea ary ^ Qf ^ 

to obtain the mercerized diagram as compared ima 
to QDtain t. m (ig31) 

i« K Hess and C. Trogus, 2- phystk. Chm.. B4, WU» 



9?s III. CELLULOSE FIBERS 

letters, and,, —^2^ 
NaOH for a week still gives the diagram of trials on the in- 
washed under tension. -These ^ d ^ t ^^ ct that an y restrictive X 
creased swelhng of rubbed fibe*"' fj^to^ 7^ ^ ^ 
action, produced either by external forces or oy . 
hibit complete mercerization investi gations regarding the struc- ♦ 
AlkaU Cellulose A great many o * beeQ carried out by Hess ^ 
ture and format- of he alk£ cdhdoses ^ ^ ob ^ ned y 
and coworkers'"- ■ ™ rf b the cellulose fibers. , ; 

when treated with water. Above a concent °t ^ 

diagram corresponding to -J^^^^t^^A 
This does not change upon ™ on£ ^ to anot her 

soda ceUulose I is formed The ;ned over a range . ; 

does not occur sharply and mixed diagrams are 00 been 
More recently- the effect of temperature and cOncen^ t 
worked out and there are mdicaUons of at 1^ Jve s rf ^ 

has been emphasized- that ^^^Z^ n to soda cellulose I. 
cellulose I, and for the rearrangement of soda ^ceUul ^ ^ 

It has also been observed- that J ive and merce rized 

water at 100°C. and dried, give, the diagrmn of both »rt 
cellulose. From the data winch have been ° kd ^^ter, 

VI S^of the phenomena associated ^^^^ 
compounds appear to hold for th ^ ^^It^ot (101) plane 
ample, the hydroxyl groups of ^ plE J so that the 

. aad the crystal lattice expands P^P^tS^ \ Q a £ w room for tie 
ceUulose chains act as tandl ae i n ±« -xpan *on to swdling 
entrance of the sodium hydroxide and water, ine ukt 



X-RAY EXAMINATION 



279 



±e application of 45% \ 
>.llulose if the sample is j 
;ntal trials on the in- 
ic t that any restrictive 
i cuticle, tends to pro- 

ns regarding the struc- 
n carried out by Hess 
ay diagrams obtained 
in the cellulose fibers. 
,rmed, depending upon 
concentration of about 
rmed which gives a defi- 
iagram is obtained of a 
erts to soda cellulose 1 
of about 21% another 
elhilose II is obtained, 
ufficient water is added 
,ne diagram to another 
Dbtained over a range, 
xmcentration has been 
ive soda celluloses. It 
: the formation of soda 
,se II .to soda cellulose I. 
I, when washed with 
h native and mercerized 
hed 1 " on the increased 
ppears likely that water, 
, form the swelling com- 
)se is given in Chapter 

nation of other swelling 
Ukali cellulose. For ex- 
cate into the (101) plane 
e (101) plane so that the 
a to allow room for the 
ie intraroicellar swelling 



,vpe and only when treated with a further reagen 

•iocs the swelling become unlimited. f discussiou 

Mechanism of Mercenzation. ^ P^ed out ^ £ 

„„ fiber structure, x-ray and micro cope data hot ^ o{ 

. „ f a dual structure in a naUve eel ulose fib^r. Th 
crystalline fibrils which are separated by action of ^ sodium 

U seems logical, 

therefore,toassume T:r:r7 - ^ upon 

, bvdroxide must be considered upon the basis P 
- lhe separate components of the fiber. ghout the mercerizatioa 

X-ray and microscopic observa* * ade ^ J f morpheas phase each 
, |ir0 ces, indicate that the crystalline ^^^^ui X-ray dia- 
i; !« affected by the sodium ^^^^ sodium hydroxide the 
K rams show that when cotton fibers and that a new crys- 

;v riginal native crystalline cellulose ^^ P ^ aracXeT ist ic of a swell- 
| JL pattern (soda cellulose) ^X^ w^k amorphous pattern 
| ing compound. At the same tone the ongma ^ ^ 

I is displaced by a new amorphous patte ™ * tf washed wit h water 
| to -er up the crystalline pattern^ ^crystalline 
I und dried, the pronounced «»<^ s * the pattern of mercerized 

| pattern of the swelhng compound and polarized light 

i cellulose. " ^<^^^^^^^Jis largely due 
& show that in sodium hydroxide the mc "\*%his swelling pushes the 
| l0 swelling of the ^^^^^S^^^^ ~ 
| ; fibrils apart and partially * s ?^^H2Ue. in length, since the 
& suit that the fiber increases '"^^^^ by the treatment with 
§ fibril itself is only slightly swollen but not disrupted oy 
j| sodium hydroxide. two-phase system (crystalline and 

I a one considers a <^ ? G think of mercerization as a 

lintercry^taUine material), then ^ ble J . ^pound formation 
§ twofold reaction: (a) soda cellulose or f^ Un ^ P ^ absorpti on 
« (intramicellar ^^^^^^^ ^ 

(intermicellar swelhng) by the » ntCTC ^V { would explain the lack 
This suggested dual ^^tZ^Zly^oS^ and serve 

of a true equilibrium in the system ^ton fibers 

-nfei^ek and H. Garg, JMW«WHf««. «• 302 (1935) " 



O£0 III. CELLULOSE FIBERS | 

and sorption of solution is due to the pronounced swelling of the intercrys- 

talline material. Likewise, the chemical evidence regarding compound , 

formation is in agreement with the x-ray data, which indicate the forma- . ; 

tion of a definite swelling compound between sodium hydroxide and the ; 

crystalline cellulose at the concentration corresponding to the break m the | 

absorption curve. The chemical reaction corresponding to alcoholate •> 

formation thus occurs in both the amorphous and crystalline areas, but with :, 

greater ease in the amorphous areas where swelling beyond soda cellulose | 

formation occurs. On the basis of swelling experiments, Neale 1 " has made | 

a somewhat similar suggestion that the behavior of cellulose m sodium , 

hydroxide solution can be explained on the assumption that alkali is taken .? 

up (1) according to the law of mass action to form a sodium salt, and ; 

(2) without chemical reaction in amount necessary to satisfy the Donnan | 

equation of membrane equilibrium. -3 

(e) Hydration 

The general term hydration, as used in the literature, may refer to any of \ 
a large number of phenomena concerned with the taking up of water, the - 
specific reference depending upon the particular phase of cellulose chem- ; 
istry under discussion. The present discussion on hydration will be limited . 
to x-ray data regarding the formation and properties of hydrate cellulose. , ; 

Swelling compounds, as a general rule, are easily decomposed by water. •; 
Upon removal of the swelling agent the fiber shrinks in diameter, and, after i 
drying, the x-ray diagram shows the presence of a crystalline structure 
which differs from that of the original fiber. .This. regenerated structure is 
known as the hydrate or mercerized form, and as discussed earlier (see 
Fig. 5) it differs crystallographically from the native form in that the glu- 
cose residues are rotated approximately ^30° around the main valence 
chain axes to form hew interchain bonds and new interplanar distances. 
Hydrate cellulose has the same organic chemical structure as native cellu- 
lose but it is more reactive. This increased reactivity may be explained, 
partly by the geometrical arrangement of the glucose units which are farther 
apart and are oriented in the crystal lattice so as to make the hydroxyl 
groups more available, and partly by the greater proportion of amorphous 
areas created by the swelling or solution process which must precede the 
formation of a hydrate structure. 

Earlier workers considered sodium hydroxide to form a chemical com- 
pound with cellulose which was decomposed by the action of water in the 
S. M. Neale, J. Textile Inst., 20, T373 (1929). 
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reviewed by Clibbens,* Valko, 5 and Marsh, 4 and a bibliography has been 
compiled by Edelstein and Cady. 7 _ 
1. Effects of Mercerizatioa 

Our knowledge of mercerization has come from the results of investiga- 
tions concerned with: (a) the mechanism of the chemical interaction of 
cellulose and alkalies; (b) the physical changes of the fibers during the 
treatment with the caustic and during the subsequent washing; and 
(c) the permanent changes in the properties of the fibers produced by the 
mercerizing process. A study of all three is necessary for an understanding 
of the process, but, since the first two of these will be presented at length 
in Chapter VIII, D on "Alkali and Other Metal Derivatives of Cellulose," 
only a brief summary of them will be given here. 

(o) Mechanism of Chemical Interaction of CeMulose and Alkalies . 

Cellulose combines with sodium hydroxide to form several modifications 
of alkali cellulose. The compounds can be quite definite, but the amount of 
alkali bound by a sample of cellulose,' and the amount of water bound by 
the compounds, varies with the alkali concentration, the temperature, and 
other factors. . v -- 

The reaction of cellulose with caustic produces heat, which has been 
successfully calculated by considering it to be the sum of three components : 
positive heat of dissociation of a weak acid; negative heat of neutralization, , 
i.e., heat of formation of water; and negative heat of dilution of the alkali 
' The cellulose-alkali compounds hydrolyze on washing with water, and 
the caustic can be easily and completely removed. 

(6) Physical Changes of Fibers during Treatment win Caustic and during 
Subsequent Washing 
■ The two important changes in the fiber during the alkali treatment are 
an increase in its diameter ("sweIling ,, ) and a decrease in its length 
' ("shrinking"). Both swelling and shrinking pass through maxima when 
plotted against alkali concentration. When sodium hydroxide is the 
alkali, these maxima tend to fall at the same concentration, but they do 
* D. A. Clibbens, /. Textile Iiut.. 14, T217 (1923). 

» E. Valko. Kolloidchemische Grv.ndla.gen. der Textilvercdlung. J. Springer, Berhn, 
1937. 

« J. T. Marsh, Mercerizing. Chapman & Hall. London. 1941. 

' S. M. Edelstein and W. H. Cady. Am. Dyestuff Rtptr., 26, P447 (1937). 
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not coincide when other ^« "^"^ 
given alkali concentration ^l^ot^Sk has been boiled in 
sample. For instance, "scoured cott ° n o ( ;^ 

dilute alkah) swells more *™?™™Z 5 fZr^ with fine emery 
fib ers (those from whu± ^ o ate rern^ ^ ^ ^ 

paper) swell even more' (Fig. 52) . B*ge somewhat related 





4 


l 


i 1 


! 


J 




























-1 


3 13.3 


17.8 


22.3 
po 2 


26.8 

5 3 



NaOH, % 

Fig. 52.-INCKEASB or the Width of Cotton 
Fibers* in NaOH Solutions (Calvert ). 
Lower curve: raw hairs. 
Middle curve: scoured hairs. 
Upper curve: rubbed hairs. 
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equilibrium or by the solubou of * - ^ ^ ^ ^ 
The second theory b that hydrauou ° f Astatic be- 

The third is that the swelling ,s eaused by The ^j^Uou. 
t„eea the cellul.se particles which »jdj«j- SHeter- 

discussed below in the group of the permanent changes. 
~ * M. A. Calvert, J. Textile Inst-. 21, T293 (1930). 
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(c) Permanent Changes Produced by Mercerization in 
Properties of Fibers 
The changes which the mercerizing process causes in cellulosic materials 
fall into four categories. These comprise : the changes in the cellulose mole- 
cules themselves; those produced in the intermolecular structure of cellu- 
lose crystallites; those produced in the distribution of crystallites and 
amorphous material in the cellulosic material; and, finally, those produced 
in the microscopic structure of the fibers. 

Changes Produced in the Cellulose Molecules. There is no reason to 
assume any structural difference between the single polymeric molecules of 
native and of mercerized cellulose. The interpretations of the x-ray 



Effect op Mercerizing . 



Table 1 

k the Chemical Properties of Scoured Cotton (Ridge, 
Parsons, and Corner') 





Fluidity 




Methylene btue 
. number 


Loss c 
ic al 
boil 


:aTi* 
% 


•Native 


M"d 




Mer- d 


Native 


erized 


Native 


M«" d 


Egyptian Sakel 
Egyptian Uppers 
Tanguis 
Arizona 
Peru Mitafifi 


3.68 
3.38 
'3.47 
3.87 
3.52 


3.70 
3.34 
3.42 
3.67 
3.21 


0.01 
0.01 
0.015 
0.01 
0.01 


0.01 
0.01 
0.01 
0.01 
0.01 


1.17 
1.10 

.1.24 
1.35 
.1.03 


0.S6 
0.95 
1.09 
0.98 
0.88 


1.32 
1.20 
0.84 
1.37 
0.88 


1.23 
1.31 
1.28 
1.30 
1.0 



diagrams of the crystalline part of both modifications were earned out 
under the assumption that the molecular structure is" Ahe same m both. 
The only other possible molecular change is depolymeHzation. However, 
as was demonstrated, for instance, by Ridge, Parsons, and Corner, 9 all the 
properties of cotton which depend on the extent of the degradation remain 
essentially unchanged by the mercerizing process. Table 1 shows/the 
• results obtained on scoured cotton yarn which was mercerized with a 
9 N NaOH solution. The measurements were carried out under strictly 
identical conditions; 

Staudinger, 19 through the use of his viscosity method, found that a 
cotton cellulose was changed on mercerization from a degree of polymeri- 
zation (D.P.) of 3000 to a D.P. of 2000. This change is inappreciable, since 

• B P. Ridge, H. L. Parsons, and M. Corner, J. Tcxtilclnst., 22, TU7 (1931). 
" H. Staudinger and A. W. Sohn, J. prakl. Chem., 1S5, 177 (1940). 
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and toluene as media. Results obtained are included in Table 8 (p. 407) of 
ScdonG of this chapter. The values obtained in hehurn were regarded as 
*Sy representing the specific volume, and, from the differences m the 
appLn? values in helium and in water, the decrease m speafic volume 
caused by the adsorption of water (the "contraction volume ) was cal- 
culated Theaveragldecrease was 0.018 cc. for 1 g. 

0 023 cc. for 1 g. for mercerized cotton. This is in accord with the fact that 
mercerized cotton absorbsmore water thandoes native cotton _ 

Mercer recognized that cotton becomes more hygroscopic after treat 
ment with caStic, but exact measurements under strictly comparable 
Editions were carried out for the first time by Urquhart and Wto 
In Figure 53 are presented the percentages of water ^sorbed at var ous 
LtivThumidities by native (kier-boiled) cotton and by the sam : cotton 
aTter mercerizatiou without tension. The ratio of the water 
mercerized and native cotton is nearly constant for all 
In this particular case, the mercerized cotton takes up about 1.5 tunes as 
mucfwaSrasdoesnativecotton. The ratio depends on th^— on 
of the mercerizing solution and upon the tension applied during the treat 
ment (Fig. 54). 
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Fig. 54.-Ratio of the Amount of Water Absorbed bv Cotton ^hi^ Was 
TpSteo wtth NaOH Solutions of Various c °»™™™»\^™Z»ZZZ 

J£ ( 6) UNDER TENSION, TO THE AMOUNT OF WATER ABSORBED BV UNTREATED COTTON 

(Urquhart and Williams"). 

_ Adsorption. 

. -- Desorption. - ( 

■ Another method of measuring water adsorption was used by Cham- 
t>etier» and Tankard" who measured the increase m, concentration of an 
^us^iosulfate solution caused ^^^^ZZ^t 
and by native cotton which were soaked, in it. They found the increase to 
be about twice as great for the former as for the latter. • . . 

: . Alkaline substances, such as sodium hydroxide, barium hydroxide, and 

« G Champetier. Compt. rend.. IK, 280 (1932). 
>« J. Tankard, /. Textile Int., 28, T263 (1937) . 
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copper (from cuprammonium hydroxide), are also adsorbed from aqueous 
solution more strongly by mercerized cotton than by native. As the con- 
centration of these bases increases, the difference in adsorption disappears 
gradually as the fiber is transformed from the native into the mercerized 
state. The ratio of the amounts of Na+ ion adsorbed from 0 5 N NaOH 
solution by mercerized and by native cellulose, and the smuLar ratios of 
Ba++ ion adsorption from 0.2 N Ba(OH), were used by Neale" for measur- 
ing the effects produced by mercerizing cotton under various conditions 
(Table 2). 



Ratios of the Alkali Adsorption of Cotton Yarn Mercerized with 25% NaOH 
to That of Native Cotton (Neale") 







Dried a 




Dried at 


110°C. 






temperature 


for 6 Urs. 




Cotton 


Na- 


Ba* + 




Ba** 














Scoured and then 


Loose (about 15% shrinkage) 


2.55 


2.70 


2.27 


2.50 


Loose and restretihed 


2.07 


2.10 


1.93 


1.98 
1.99 


mercerized 


No shrinkage allowed 


1.96 


2.05 


1.89 




Cloth mercerized loose 


2.13 




1.84 


1.97 


Mercerized in the 


Loose (about 15% shrinkage) 


2.09 


2.20. 


"gray" state and 


Loose and restretched 


1.76 


1.79 


1.76 


1.83 


then scoured • 


No shrinkage allowed 


1.68 


1.73 


1.69 


1.75 



Tablb 3 

Amount of Bbnzopurfurin 4 B Adsorbed by Native -Cotton and by Cotton 
Treated with NaOH Solutions of Different Strengths (Knecht ) 



CoDcentratioa of NaOH. 
% 


Dye adsorbed by cotton, 
I. per 100 j. 


Concentration at NaOH, 

% . 


DTe adsorbed by cotton. 
f . per 100 g. 


0.00, 


1.77 


20.5 


3.27 


4.5 


1.88 


22.5 


3.38 


8.5 


2.39 


25.0 


3.50 


11.0 


2.57 


27.0 


• 3.56 


13.5 


2.95 


29.0 


3.60 


15.5 


3.02 


31.5 


3.60 


17.5 


3.15 







» S M Neale, /. Textile Inst., 22, T320, T349 (1931). 
*> E. Knecht. /. Soc. Dyers Colourisls, 24, 68, 107 (1908). 
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recrystallization of p£ 
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" A. R. Urquhart, W. 
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3RUED with 25% NaOH 



1.97 
1.83 
1.75 



Cotton and by Cotton 
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«OH. 


Dye » ds< ^^ ( § r t c,tton ' 




3.27 




3.38 




3.50 • 
• 3.66 




3.60 




3.60 
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Another effect of the mercerization process on the fiber is that the = ad- 
so^tive power for dyes is increased. Knecht- invented 
SniluLe of the concentration of the ""^^^fg^ 
<h» tension applied during the treatment (Table 4), and of tee drying 

Table 4 

Amount o* Bsnzopukp^ 4 B Adsorb ed „ N«m - bv Mbicbkizbo Cotton 





Dye adsorbed by cotton, 
3 g. per 100 g. 




Bleached 


Unbleached 


Native 

Mercerized under tension 
Mercerized without tension 


1.50 
2J8& 
3.54 


1.55 
2.90 

3.39 





Dye adsorbed by cotton, 
g. per 100 g. 


1. Cotton 

1 ■ . .:. 


Benzopurparta 4 B 


Chrysophenin 


Mercerized and dyed without drying. 
-■ Mercerized and air-dried before dyeing 
| Mercerized and dried at 110 4 C. before dyeing 

t ' Native 


2.49 
1.57 
1.27 
0.80 


0.97 
0.77 
0.54 
0.31 



sumed that the factor responsible for this phenomenon is a delayed 
recrystalh^tionofpartoftiieamorphotisceUulose . 

on "and 

measured by the time winch mercerizing. For example, 

sorption equilibrium, is greatly ^^^Tl 1 and 1.4 minutes 

values were 0.25 and 0.35 minutes, respectively. 
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One view concerning dye adsorption which cannot be explained by the 
increase in amorphous material is that less dye is required by mercerized 
cotton to produce a given shade than is required by raw cotton. This 
opinion is held by many workers in spite of the fact that Hubner dis- 
missed the possibility some thirty years ago and that no quantitative tests 
have since beenreported. It is not unlikely that such an effect is produced 




NaOH - 



Fig.' 65. — Reactivity Ratio of Cotton , _ 
Treated with NaOH Solutions of Various ' 
Concentrations at 18"C. and at -10'C. to 
That of Native Cotton (Birtwell. Clibbens, 
Geaks, and Ridge"). * ' ; . : 

by the mercerization process, but the explanation for it would seem to lie 
in the increased luster of the fiber, which would cause a higher brilliance of 
the color. , . 

The increased reactivity of mercerized cellulose, caused by the increase 
in amount of amorphous material, is shown by the fact that the rates of 
attack of hydroly zing and oxidizing agents on it are greater than they are on 
native cellulose. Schwalbe" suggested the use of the copper number, 
obtained from various celluloses after treatment of 15 minutes with 
5% HjSO< solution, as ameans of characterizing the reactivity of a fiber, and 

» J. Hubner, J. Soc. Chtm. Ind., 27, 105 (1908). 

» C G. Schwalbe, Z. angew. Chem., 22, 197 (1909). „ 
« C. BirtWl, D. A. Clibbens, A. Geake. and B. P. Rid g e. J. Text* Inst.. 21. T85 
(1930). 



he found that this value 
Birtwell, Clibbens, Geakt 
substitution of an alkali 
hydrolysis, and they ob1 
cerizing temperature, anc 
(Figs. 55 and 56). 

From a' thermodynamic 
and the increase in amoi 
result in a difference in 
cellulose. Several atterr 

-.1.6 



Fig. 56. — Ratio of the j. 
Treated with NaOH Sow 
— 10°C. to That of the I 

RIOGB"). 

difference. Measuremen 
ence. More successful, 
Morrison, Campbell, and 
of reaction of cellulose % 
centrations of alkali, ob 
same product and the di 
difference in the energy 
"With zero concentration 
mercerized form yielded 
larger "internal surface. 1 
native ramie up to an al 



* I. Okatnura, Naturwissc- 

* J.L. Morrison, W. B. C 



D. MERCER1ZATION 3 ° 

he found that this value is 

Birtwell, Clibbens, Geake, and add 
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( ^atr^ 

and the increase in amorphous mater, ^^^nd mercerized 
result in a difference in energy content between nat^ 
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NaOH - 



F «. 56.- Ratio . - 
Ridge 18 ). 

* «f the heats of combustion revealed no differ- 
difference. Measurement of the beats 01 c0 okamura* and of 

ence. More successful, however ; ^^^tton- of the heat 
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IjSf^^^ 7.«,18B, 168 (1940). 
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tratiou it was quite large. The heat of wetting of mercerized cellulose, on 
tte^eVSrose rapidly with increase in alkali concentration up to 10% 
£d reamed fairly constant up to 18%. Above 20% tie difference 
ieerTtTheats of wetting of the native and the "f?^ »™ ™ 
octant at a value even smaller than diff erence^eea^heats of 
wetting in pure water. This constant difference of 1.5 cal for each g is 
Zo r eV to the difference in energy content of tte native and 
^ctSd fibers, with the mercerized fibers having the higher energy con- 
tent. ' . ' . 
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cellulose crystallites decreases. With careful application of tension, the 
degree of orientation of native cellulose can be retained or even increased. 
Obviously, the shrinkage of the fiber is caused by the disorientation of the 
cellulose crystallites which in the native fiber are preferably aligned with 
their major axis nearly parallel to the fiber axis (flax, ramie) or at a steep 
angle to the latter (cotton"). 




g. NaOH PER 100 g. SOLUTION 



Fic. 58.— Heat of Reaction of (a) Native and 
(b) Mercerized Cotton with NaOH (Morrison, 
Campbell, and Maass"). 

The extent of shrinkage under identical conditions of tension varies with 
other factors similar to those affecting swelling: type of fiber, fiber surface 
characteristics, and alkali concentration. ; 

The effect of the first factor mentioned was shown by the work of 

. Nodder and Kinkead," which showed that ramie and flax fibers contract to 
an even-greater extent than cotton on mercerization. The smaller shrink- 
age of cotton is partly explained by thefact that the fibers, which are highly 
•twisted in the native state, untwist in the alkaline solution. The removal 
of convolutions has itself a lengthening effect on the fibers, and the ob- 

- served change in length is the resultant of this effect and of the contraction. 
Up to a sodium hydroxide concentration of about 8%, the effect of the 

«C.R. Nodder and R. W. Kinkead. /. Tactile Inst., 14, T133 (1923). 
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untwisting overbalances the contraction, and a lengthening of the fiber is 
observed. 

Native, scoured, and rubbed fibers all show differences in the amount of 
shrinkage which they undergo on mercerization. Rubbed fibers show 
shrinkage even greater than that shown by scoured cotton (Fig. 59) . 

The effect of alkali concentration on shrinkage is similar to its effect on 
swelling when sodium hydroxide is used, but if other alkali hydroxides are 
included in the investigation, no general correlation between the shrinkage 
and the swelling can be established. Collins 23 carried out such experiments 
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Na OH. % 

FlG 59.— Longitudinal Shrini£age of- Cotton 
Fibers in NaOH Solutions (Calvert 1 ). 
Lower curve: raw hairs. 
Middle curve: scoured hairs. " 
Upper curve: rubbed hairs. 

with five different alkali hydroxides. His results are presented in Figure 60. 
The curves connect points found with increasing concentration of the 
hydroxides, the highest values of which are 48% NaOH, 52% KOH, 
11% LiOH, 65% RbOH, and 80% CsOH. In these experiments the same 
fiber was exposed to alkali hydroxide solutions of increasing concentration 
and no maximum was observed in the shrinkage. Striking differences 
between the effects of the alkalies are observed when the changes in length, 
which correspond to an increase of, for example, 25% in the diameter of the 
fiber, are compared. 

« G. E. Collins, /. TexlUe Inst.. 16, T123 (1925). 
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CHANGE OF DIAMETER. S 



FIG 60.-RELATTONSHXP BETWEEN THE CHANGE OF 

Length and the Change o* Diakbtb, op th E 
Fibers in Alkali .Htorojode Solutions 

(COLLINS 1 *). 

m. fi9 , obviously a state of equilibrium ii not completely attained. 
?S P 17^7l™^X y wSTIoH, NaOH. tad 

^^^^^tal^- 

" R. 0. Herzog, Kolloid-Z., 39, 98 (1926). 
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FIG 61.-LONGITTOINAL SmON^GB OF SCOTOED 

Cotton Fibers Measured under Various Ten- 
roas after Freb ShbMEAgh Was Allowed 
(Calvert*). ' 
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The moat important fiber properties »\™ K ^^ bim Tie. 

rion of to cryataUifea ittU 

«J. M. Preston, !>■«. Way Soc. 29, 65 (1933). 
" C. Schubert, Dissertation, Dresden, 1932. 
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This effect is probably due to the production of a ^"f™^™ 
section by the swelling process. The claim has repeatedly been made that 




Fig 62— Longitudinal Shrinkage of 
Scoured Cotton Fibers When Treated under 
V^ious Tensions with NaOH Solutions 
(Calvert 1 ). 

Tasle 6 



Ramie and flax, native 
Flax, mercerized under tension 
Flax, mercerized without tension 
Cotton, native • 
Cotton, mercerized under tension 
Cotton, mercerized without tension 
Lilienfeld rayon 
T ilWpld ravon. mercerized without tension 









1.596 
1.571 
• ' 1.556 
1.578 
1.586 


1.52S 
1.517 
1.518 
1.532 
1.522 


0.068 
0.054 
0.038 
0.046 
0.044 


1.554 
1.559 
1.550 


1.524 
1.515 
1.515 


0.O30 
0.04* 
0.035. 



. . • ^ mechanical strength of fabrics and yarns also. 
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Changes Produced in the Microscopic Structure of the Fibers. For an 
understanding of the increased luster (technically the most important 
change produced by mercerization) a study of the changes produced in the 
microscopic structure of the fiber is required. Immediately before the ripe 
boll bursts open and exposes its flocks of cotton to the atmosphere, the 
fibers are tubular, with the hollow center (the "lumen") occupying a con- 
siderable portion of the cross section. No convolutions or twists are pres- 
ent, and the cross sections approach very closely to an elliptical or even 
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Fig. 63.— Dependence of tee Properties of Cotton 
Fibers on the Concentration of the Mercerizing 



circular form. On exposure to the air, the fiber dries out quickly and 
collapses to form a flat, convoluted ribbon. Commercial cotton hair is in 
this form. 

When the cotton hair is brought into a mercerizing solution, it begins to 
swell at once. In a few seconds it becomes elliptical, and, on further swell- 
ing, the cross section becomes almost circular. The diameter of this section 
is at least 25 to 30% greater than the width of the collapsed 'fiber. " These 
stages of the swelling are shown diagrammaticaUy in Figure 64. During 

» M. A. Calvert and F. Summers. J. Textile Inst., 16, T233 (1925). 
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without tension is smoother than that of the native fiber and the con- 
volutions have disappeared, but, if the mercerizing is carried out under 
tension, the lumen is even more constricted, the transverse section is per- 
fectly cylindrical, and the surface is perfectly smooth. The numerous folds 
and indentations are completely eliminated. Obviously, drying causes a 
certain constriction of the skin which results in folds and creases of the 
surface, provided no tension is applied. By what mechanism the appli- 
cation of 'the tension during the swelling, i. e., the stretching of the skin in 
the direction of the fiber axis at the expense of the perimeter, prevents the 
folding during the subsequent drying operation, is not clear. Possibly 




Fig. 65.— Cross Sections op Cotton Hairs (Adderley' 4 ). 
Key: (a) Native cotton hairs with low luster with average ratio of length of. major 
ails to that of minor axis equal to 2.95. 

(b) Native cotton hairs with high luster with average axis ratio of 2.00. 

(c) Mercerized cotton hairs with average axis ratio of 1.60. 

peculiarities of the organization of the primary wall have a decisive role 
here. 

Through quantitative measurements on single fibers, Adderley" demon- 
strated that the luster of cotton increases as the cross section of the hairs 
approaches a circular form. The correlation is a very good one, regardless 
of whether the cotton is mercerized or native (Figs. 65 and 66) . The luster 
of flax and ramie, which is considerable even in the native state, is not in- 
creased by the mercerizing process. It seems, therefore, that the micro- 
scopic fiber structure is the determining factor in the amount of luster 
possessed by a fiber. 

" A. Adderley, J. Textile Inst., 15, T195 (1924). 
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2. Theory of Mercerization 
The change in dimensions of the ceUulosic fiber in the process of mer- 
cerization without tension is the resultant of two components: swelling, 
which occurs mainly in the transverse direction, and shrinking, which occurs 
in the direction of the fiber axis. The first change is reversible with washing 
and drying, while the second is not. That the swelling is more pronounced 
in the transverse direction is easily explained by the assumption that the 
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AXIS RATIO j 
Fig 66 -Luster Number op Cotton Fibers as a Function of the Ratio of the 

LEkJth OF xTSXLaS OF THE CROSS SeCTXON TO THAT OF THE MINOR A^S 

(Adderley' 4 ). » 
A-P: Native cotton. 
Q-S: Mercerized cotton. 



take-up of water occurs mostly in the transverse 

chains and crystallites and .that the latter are preferably oriented parallel 
toLfiberaxk Nevertheless, the f act 6f contraction in length requires £ 
equation; because of the importance of shrinkage and tension in tte 
nScerization process, this explanation occupies the foremost place in the 
theory of the mercerization- , , . , , . 

ThT present knowledge of the mechanical properties of high-po ymenc 
substances permits a derivation of such a theory. Accord^ to the tdeas of 
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Bungenberg de Jong, 35 Hermans and de Leeuw, 36 and Kratky, 37 the crystal- 
line regions of the cellulose fiber are bound in a mesh of amorphous cellu- 
losic material. In the native fiber the amorphous material is in the ex- 
tended state, i. e., the cellulose molecules have more or less the form of 
straight rods, probably as a consequence of the natural growth process. 
According to the theory of Meyer, von Susich, and Valko, 38 the extended 
chain molecules have a tendency to regain a statistically more probable 
configuration : that corresponding to a coil or tangle of . thread. This 
tendency is the basis of the rubber-like elasticity of all elastomers. The 
elaboration of this idea in a quantitative way was furnished by Mark and 
his coworkers 39 and independently by Kuhn. 40 The high viscosity of the 
cellulosic material does not allow a contraction of the chains. The 
swelling in sodium hydroxide solution diminishes the friction between the 
chains thus allowing the contraction. Since the crystallites are suspended 
in the mesh of the extended chains, the contraction of these chains causes a 
disorientation of the crystallites. 

According to the above theory, native cellulose can be compared with 
rubber which has been cooled under tension and, because of the high 
viscosity, does not contract after release of the tension until it is brought 
again to a certain temperature. Similar phenomena are shown by other 
• high-polymeric substances, such as: collagen, which, when it is dry, shrinks 
at 9O-120°C, but when it is wet, shrinks even at 60-S0 8 C. M ; and silk, 
which shrinks extensively on exposure to the swelling action of formic acid 
to give a product of rubber-like elasticity. 

The fact that the shrinkage phenomenon of native cellulose fibers is not 
due to some peculiarity of the native fibrillar structure is demonstrated by 
the observation that cellophane" and cuprammonium rayon* 2 display a 
completely analogous shrinkage in caustic soda solution. These materials 
are fixed in the extended state by the coagulation under tension during the 
spinning process. Bungenberg de Jong subjected cellulose xanthate in the 
plastic state to a stress and fixed it in the extended state by treatment with 
acid. He found that cellulose so obtained undergoes even in water a longi- 
tudinal contraction with a simultaneous increase in diameter. 

"H G Bungenberg de Jong, Z. physik. Chem., 130, 205 (1927). 

«• P. H. Hermans and A. J. de Leeuw, Kolloid-Z., 81, 300 (1937). 

" O. Kratky, KoUoii-Z., 70, 14 (1935). 

» K. H. Meyer, G. von Susich, and E. Valko, Kolloid-Z., S9, 208 (1932). 

" E. Guth and H. Mark, Monalsh., 65, 93 (1934). 

" W. Kuhn, Kolloid-Z. , 68, 2 (1934); 76, 258 (1936); 87, 3 (1939). 

" G. van Iterson, Jr., Chem. Weekblad. 30, 2 (1933). 

» G. Saitoi KolloU-BeihefU, 49, 365 (1939). 
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3 Optimum Conditions for Mercerization 
tension, and the previous treatment of the fibers. 
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decree of mercerization was 100% at about 18% NaOH. The shrinkage 
has an optimum value at about 17% NaOH. The extensibility decreases 
with increasing concentration and the lower limit is reached at 16% NaOH, 
probably as a result of complete untwisting of the fiber. 

A systematic investigation of the effect of temperature and concentration 
of the mercerizing solution on the properties of cotton yarn was carried out 
by Edelstein" The temperatures were 15 °C, 82 °C, and 43*C., and the 
NaOH concentrations, 13%, 15.5%, 22.5%, and 29%. It was found, in 
agreement with the results of Birtwell, Ciibbens, Geake, and Ridge" 
(Fig. 67), that the lower the temperature of the particular caustic solution, 
the greater was the tension necessary to prevent the yarn from shrinking m 
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Effect of Stretching during Mercerizing on the Properties of Egyptian 
Cotton Fibers* (Schubert") 



0.00 
1.00 
1.90 
2.85 
3.00 
3.45 



10.2 
10.2 
10.4 
10.4 



16.3 
11.1 



* Original length 14.80 mm.; shrinkage 2.63 mm. , 

the solution and the greater was the dye affinity, the barium absorption 
ratio, and the tensile strength of the mercerized yarn. However, the effect 
of temperature on the mercerization was slight when caustic solutions of 
high concentration were used. With caustic solutions at lower concen- 
trations the maximum luster was reached at the lowest temperature, but, 
with a caustic solution of 50 to 65 0 Twaddell (23-30%) , it was reached at a 
temperature of 32°C- ... . 

The effect of tension when applied after shrinkage was allowed is shown 
in Table 7. The optimum luster was reached when the original length was 
restored, but the absolute strength, per unit of diameter of fiber, increased 
slightly on further increase in the amount of stretching. When this ab- 
solute strength is calculated, the decrease in diameter of the fiber by the 
stretching is to be taken into account. 

« S. M.Edelstein, Am. Dytstuf Reptr.. 25, P458, P724 (1936); 26, P423 (1937). 
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Chapter 9 

Crystalline Alkali -Cellulose Complexes 
as Intermediates During Mercerization 

Anatole Sarko, Hisao Nishimura', and Takeshi Okano J 
Department of Chemistry and Cellulose Research Institute, College of Environmental 
Science and Forestry, State University of New York, Syracuse, NY 13210 



During a controlled mercerizatioa of ramie cellulose, 
the cellulose I crystal structure is irreversibly con- 
verted to cellulose II through several crystalline 
alkali-cellulose complexes. The crystal structures of 
three of the complexes — Na-celluloses I, 11B, and IV 
— are providing information on the characteristics of 
the interactions between cellulose and the Na ions, on 
the forces operating in the formation of these struc- 
tures, and on the likely mechanism of the conversion^ 
Although the formation of secondary bonds between Na 
ions and the hydroxyl groups of cellulose must be an 
important driving force in the formation of crystalline 
complexes, the hydrophobic attractions between cellu- 
lose chains appear to be at least as important. The 
transformation of the parallel-chain structure. of cel- 
lulose I to an antiparallel one takes place already 
during the initial conversion step, from cellulose I to 
Na-cellulose I. 



It was observed in earlier studies of controlled alkali-mercerlzation 
of ramie cellulose that the crystal structure of native cellulose is 
transformed to cellulose II through a series' 6f crystalline alkali- 
cellulose complexes (1,2). The relationships between these "Na- 
celluloses" and their pathways of transformation are illustrated in 
Fig. 1. It has further been observed that all of the transformations 
are crystal-to-crystal phase changes, not involving intermediate 
amorphous phases. All of the experimental evidence has suggested 

'Current address: Research Center, Daicel Chemical Industries, Ltd., Himeji, Japan 
-Current address: Department of Forest Products, Faculty of Agriculture, 
University of Tokyo, Bunkyu, Tokyo, Japan 
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that the first conversion step — from cellulose I to Na-cellulose I 
— is apparently the step in which a transformation of the parallel- 
chain polarity to the antiparallel one takes place. 

As shown by the x-ray diffraction diagrams reproduced in Fig. 2, 
the Na-celluloses exhibit a relatively high degree of crystallinity 
and excellent crystalline orientation. In view of this, further 
delineation of the transformations and the mechanism of mercerization 
vere attempted through the crystal structure analysis of three of the 
complexes: Na-celluloses I, IIB, and IV. All analyses have now been 
nearly completed, and a preliminary account of the results is given 
below. The detailed descriptions of the crystal structures will be 
published separately after the completion of the studies. 

Experimental 

The methods of sample preparation, the characteristics and the proba- 
ble composition of all of the complexes, and the procedures for 
obtaining x-ray fiber diffraction diagrams have been previously 
described in detail (1,2). The procedures of crystal structure anal- 
ysis followed in these studies are identical to those used in previ- 
ous analyses concerned with the structures of celluloses and other 
polysaccharides (cf., in particular, refs. 3-5). In all cases, both 
stereochemical and crystallographic structure refinements were car- 
ried out in parallel. The refinement of both the chain conformation 
and the chain packing were conducted with completely flexible chain 
models, using computational procedures that allow any desired struc- 
tural parameter to be made a refinable variable (3). The positions 
of the solvent and the complexing molecules in the unit cell were 
explicitly considered, whenever warranted (5). Further details of 
the analysis and the refinement procedures will be given in reports 
dealing with the individual crystal structures. , 

Results 

Na-cellulose I. 



The 



of the ' «a-cellulose I complex, 



although not as crystalline as that of cellulose I, obviously shows 
an equally good fibrous orientation (cf. Fig. 2A). The crystal 
structure is described by a large, four-chain unit cell, shown in 
Fig. 3. It contains 8 Na and 0H~ pairs of ions and probably 16 mol- 
ecules of water. The chain confornation is marked by features common 
to all crystalline cellulose polymorphs: an approximately 10.3 A 
fiber repeat, a ribbon-like, twofold helical molecular shape, and the 
familiar 0(3)— 0(5') and 0(6) — 0(2') intramolecular hydrogen bonds. 
The characteristics of the chain packing are in accord with this 
chain conformation, showing a stacking into sheets along two direc- 
tions. The presence of NaOH and water in the crystal structure, how- 
ever, obviously contributes to considerable differences between the 
structures of Na-cellulose I and cellulose I. 

The major difference between these two crystal structures 
resides in the chain packing polarity. As expected from the conver- 
sion studies and the irreversibility of the cellulose I to Na- 
cellulose I transformation, the crystal structure of Na-cellulose I 
is based on antiparallel chains (cf. Fig. 3). Because of the pres- 
ence of Na + ions, which apparently form secondary 1 
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hydrophobic attractions. 
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bonds between the latter and the hydroxyl groups of each glucose 
residue, such a conformation could become a very stable one. Its 
stability is probably not decreased significantly by the liquid-like 
surroundings of the cellulose helix in Na-cellulose IIB relative to a 
structure in which all Na + ions would be in crystallographically 
defined positions. 

Removing the NaOH from the structure through washing with water 
removes the energy-lowering electrostatic field. This results in a 
conversion of the structure to the only energy-lowering one that is 
available to it — a twofold helical, interchain hydrogen-bonded 
sheet structure. Because cellulose II is the moBt stable cellulose 
polymorph (10), it is not surprising that the conversion product of 
Na-cellulose IIB approaches it after washing. It is somewhat sur- 
prising that a hydra ted structure forms at all, as it is unstable and 
converts readily to cellulose II upon drying. Nonetheless, it does 
form and its structural features suggest the presence of hydrophobic 
attractions that may have a bearing on all twofold helical cellulose 
structures. 

For example, interchain hydrogen bonds could be thought of as 
the single dominant force in the crystallization of celluloses and 
Na-celluloses. Therefore, it might be expected that in Na-celluloses 
I and IV the Na + ions and the water molecules, respectively, would 
occupy positions between the hydrogen-bonded sheets. Instead, they 
disrupt the hydrogen bonds within the sheets, leaving inter-sheet 
contacts along the 020 (and 110, respectively) directions unchanged. 
Because there are no hydrogen bonds present in these planes, it is 
very probable that hydrophobic attractions operate along these direc- 
tions, between the hydrogen-bonded sheets. Comparing the structures 
of celluloses I and II, and Na-celluloses I and IV, as shown in Fig. 
7, reveals a common form of stacking of chains in all of these struc- 
tures — strongly suggestive of hydrophobic attractions. Other cel- 
lulose polymorphs, e.g., celluloses IIIj, IVj, and IV n (not shown 
here), also conform to such chain stacking (11,12). Therefore, it is 
very probable that the aggregation of cellulose chains into various 
crystalline structures may primarily be governed by hydrophobic 
attractive forces. The only exception seems to be Na-cellulose IIB 
where the strong Interaction between cellulose and the Na ions 
appears to override any other forces, with' the consequence that the 
cellulose chain adopts an unusual conformation. 
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The structure of Mercerized cellulose II has been determined using the intensity data from Mercerized 
cotton fibres and rigid body least squares refinement techniques. The crystal structure consists of an 
array of antiparallel chain molecules essentially identical to that found for regenerated cellulose II. 
The unit cell is monoclmic with dimensions a - 8.02 A. b - 8.99 A. c - 1 0 36 A (fibre axis) and 
y - 116.6 ; the space group is P2, and the cell contains sections of two cellulose chains which pass 
through the centre and corner of the ab projection. The final crystallography fl value was 0 263 
based on intensity data for 30 observed and 1 1 unobserved non-meridional reflections. The 1ch',OH 
groups of the corner chains are oriented near to the gt position while those of the centre chain are 
near to the tg position The possibility of alternative side group orientations, most likely on the ex- 
tenor of the cellulose II crystallites, has been demonstrated for both the Mercerized and regenerated 
"S^ 6 °! *™ "ientations » ™« - the case of Fortlsan (rayonTb t 1 

stantial in the case of Mercerized cotton. H Cxi. j~ 



INTRODUCTION 

Native cellulose (cellulose I) may be converted into the 
more stable cellulose II polymorph by two methods: re- 
'eneration and Mercerization. Regeneration involves dis- 
iolving cellulose In a derivative-forming solvent and then 
•eprecipitating by dilution in water. This process is used 
:o produce rayon fibres, and parallels recrystallization of 
nost polymers from solution, except that cleavage of the 
lerivative is a necessary first step. Mercerization is the 
lame given to the conversion accomplished by swelling 
iative cellulose fibres in concentrated sodium hydroxide 
olution. Although no dissolution occurs, the swelling 
Jlows for reorganization of the chains, and cellulose II 
esults when the swelling agent is removed. This treatment 
eads to improvement in the properties of cotton yarns 
■nd fabrics, and the effects of the various processing para- 
neters have been very well characterized'. However, the 
nolecular mechanism of the conversion in the swollen 
tate is largely unknown. 

In the last 3 years the structures of native cellulose I v 
nd regenerated cellulose II*- 5 have been determined by 
I -ray diffraction methods. The axial projections of these 
wo structures are shown in Figure I. Cellulose I consists 
fan array of parallel chains, i.e., all with the same sense, 
hich are linked by Intcrmolecular hydrogen bortds parallel 
3 the a-axis in the 020 planes. In contrast, in regenerated 
illulose II, adjacent chains are antiparallel, i.e., have alter- 
; sense. The .chains ar e linked by intermolecular 

--Jent Address: Department of Biology, Mass>chujetts Initiate 
Technology, Cambridge, Massachusetts 02139, USA. 
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hydrogen bonds In the 020 planes and also in the 1 10 planes, 
i.e. along the longai diagonal. This additional interchain 
bonding may account for the higher stability of the cellu- 
lose II polymorph. 

Reversal of the polarity of the chains on conversion to 
cellulose II via the dissolution and reprecipltation process 
can be visualized without difficulty. However, this presents 
more of a problem for the mechanism of conversion via 
Mcrcerization, where the gross fibre structure is retained 
during the swelling. Thus it is first essential to examine the 
structure of Mercerized cellulose II In more detail, and to 
determine any differences between this material and re- 
generated specimens. Once the structure of the end pro- 
duct has been determined, then possible mechanisms of 
conversion can be postulated. This paper describes the 
determination of the structure of Mercerized cotton cellu- 
lose using refinement techniques similar to those used in 
our previous work on cellulose I' and regenerated cellulose 
II 4 . A subsequent paper will describe morphological studies 
of Mercerized cotton using the electron microscope 6 . 

EXPERIMENTAL 

Materials and Methods 

Native cotton of the HopiAcala variety was received 
from Dr P. Ingram of the Camille Dreyfus Laboratory, 
North Carolina, USA and purified under moist conditions 7 . 
Specimens of native cotton were Mercerized both under 
slack and tensioned conditions. The slack specimens were 
treated in 22% aqueous sodium hydroxide for 4 h and then 
washed for 5 min successively with distilled water, dilute 
hydrochloric acid and distilled water; thereafter they were 
maintained under moist conditions. The process was re- 
peated 6 times to achieve a high degree of conversion to 
cellulose II. Specimens of native cotton (cellulose I) and 
cotton Mercerized under slack conditions (cellulose II) 
were prepared for X-ray diffraction studies by bundling 
individual fibres in a parallel fashion. For the material 
Mercerized under tension, a parallel bundle of purified 
native cotton was glued to a sample holder (in a partlv slack 
condition), which was then immersed in the alkali solution 
for the desired length of time (see below), rinsed succes- 
sively with distilled water, dUute hydrochloric acid and 
distilled water, and allowed to air dry. To achieve a high 
degree of conversion, it was necessary to repeat this proce- 
dure 4 times. 

X-ray diffraction patterns were recorded on Kodak No- 
Screen film using Ni-filtered CuKa radiation in an evacuated 
flat plate camera with pinhole collimation. Intensities for 
the X-ray structure refinement were obtained for 30 ob- 
served (non-meridional) reflections. Quantitative values for 
19 of these reflections were obtained using a Photometries 
EDP Scanning Microdensitometer*. The intensities of the 
remaining II (weak) reflections were estimated visually. In 
addition, there were' 1 1 reflections that were predicted to 
fall within the limits of the observed X-ray data, but had 
intensities too weak to be detected. These unobserved re- 
flections wore considered prior to each cycle of least squares 
refinement and those which had calculated structure ampli- 
tudes higher than their respective estimated threshold values 
ftthres) were included in the data with assigned F[obs) 
equal to two thirds of /=T[thres). 

X-ray diffraction studies of Mercerized cotton 

Figure 2 shows the fibre diagrams of native cotton and 




Figure 2 X-ray fibre diffraction photograph! of native cotton 





m degree of conversion and lb) high degree of 



cotton Mercerized under slack conditions. For native cotton, 
the reflections are considerably arced. Indicating a low de- 
gres of fibre orientation due to the spiral arrangement of 
crystallites in the macroscopic cotton hair. For Merceriza- 
tion under slack conditions, essentially complete conversion 
to cellulose II is achieved with little change in orientation. 
At room temperature, slack fibres can be Mercerized with 
alkali concentration as low as ~-9% and complete conversion 
to cellulose II occurs with concentrations >~16%'' s ~". 
When cellulose is Mercerized under tension, however, a 
higher alkali concentration is required to start conversion 
and complete removal of the cellulose I component appears 
to be Impossible". Variation of the alkali concentration 
used with tensioned samples served to determine the limiting 
conditions for Mercerization at ambient temperature. With 
20% NaOH, Mercerization times as low as 1 min produced 
a substantial degree of conversion , while with 1 0% NaOH , 
Mercerization times of up to 10 min produced no notice- 
able change in the native fibre patterns. With -17% NaOH, 
however, a rough correlation between degree of conversion 
and Mercerization time was found. Figure 3a shows the 
fibre patterns from a tensioned specimen following Mercer- 
ization for approximately 15 sec under the above conditions. 
Even this short exposure to alkali gives rise to substantial 
changes in the fibre pattern. In addition to the appearance 
of the cellulose II reflections, an increase in the degree of 
orientation can be seen. As the Mercerization time is in- 
creased, the extent of conversion to cellulose II increases as 
does the degree of orientation. The breadth of the equa- 
torial reflections is larger for tension -Mercerized cotton than 
for the slack -Mercerized material, indicating a smaller crys- 
tallite size in the former. Figure 3b shows the fibre pattern 
of a tensioned specimen that has been Mercerized four 
times with 20% NaOH. Even in this pattern, weak llo and 
1 10 cellulose I reflections are present. Further treatment 
has little effect on the pattern, indicating that the conversion 
has progressed as far as possible under the conditions used 
As Is well known, the layer line spacings and hence the 
chain backbone conformation do not change during Mer- 
cerization. However, there is a significant rearrangement of 
the cellulose molecules in the tensioned samples, as eviden- 
ced by the increase in the degree of orientation (as compared 
to the native structure) and the development of a weak 
small-angle maximum on the equator at d = 14.0 ± 0.3 A. 
Structure determination of Mercerized cotton 

Oystalhgraphic data. Cotton which has been Mercerized 
several times under tension yields diffraction patterns of 
sufficient quality for a crystal structure determination using 
the rigid body techniques referred to earlier. The fibre pat- 
tern of the tension-Mercerized specimen from which the 
intensity data was collected is shown in Figure 3b. This 
particular specimen was prepared in the manner described 
earlier and Mercerized for one cycle of 19 h followed by 
three cycles of about 4 h each. The observed (/-spacings 
could be indexed by a monoclinic unit cell with least 
squares refined dimensions: a = 8.02 ±0 03A 4 = 8 99 ± 
0.04 A, c = 10.36 ± 0.06 A, and j = 1 1 6.6° t 6.3°. The 
observed and calculated (/-spacings arc compared in Table 1. 
Within experimental error, the unit cell is identical to that 
for rayon. The only systematic absences detected were the 
odd order 00/ reflections and the space group was assumed 
tobeP2i. Under certain conditions, 001 and 003 reflec- 
tions of varying intensity are observed, but these occur in 
patterns of very poor quality and are most likely due to 
Imperfections in the sample. 
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TjtVer Crystallography data fo 



1254 
83.18 



Kf by the »rcin 9 of the 1 1 0 end 020 



™ ,nd ""W not be measured eccurately. 
the sphere of reflections, only an estimate 



of the intensity is oiven 



The presence of weak 1 1 0 and 11 0 reflections for cellu- 
lose I indicate the presence of a residue of this form in the 
specimen. Thus Mercerized cellulose intensities occurring 
in the region of strong cellulose-I intensities need to be cor- 
rected for the contribution of the latter. Specifically, equa- 
torials at d = 4.44 and 4.03 A and the second layer line re. 
flection atrf = 4J7 A for Mercerized cellulose need to be 
corrected for contributions of the equivalent cellulose I re- 
flections at d = 3.93 and 4.33 A respectively. The cellulose 
1 contributions were computed based on the intensities of 
the 1 10 and 1 10 reflections (for cellulose I) and subtracted 



from the measured intensities to yield the corrected values 
for Mercerized cellulose. The measured and subtracted in- 
tensity data (corrected for Lorentz and polarization effects) 
are given in Table I. In both cases, the strongest reflection 
is assigned an intensity of 100 and the remaining reflections 
are scaled accordingly. 

Molecular model and clain packing. Consistent with the 
r2\ symmetry, a model for the cellulose chain was con- 
structed as a two-fold helix repeating in 10.36 A. Standard 
bond distances and bond angles" were used, and the mole- 
cuiar model incorporated an 03-H ■ • 05' intramolecular 



rt 01 mercerized cotton: t 



68.1* 845* 1385* 90.8* 63.0" 

ISO' 66.4* 14.0* UAT 11.1* 

10.2' 63.8' 67.7' 63.4' 16.7* 

0.253c 0.206c -0.104c 0.233c 0.272c 

0.59 0.S8 0.58 038 0.59 

31 J 32.0 31.4 32.4 31.9 

0.231 0.148 0.154 0.160 0.280 

0.231 0.148 0.154 0.160 0.265 

0.158 0.111 0.114 0.116 0.172 



hydrogen bond*. The disaccharide residue has a glycosidic 
bond angle of 1 14.8" and glycosidic torsion angles of = 
24.7°, yj) = -26.:° (using the convention followed by Sun- 
dararajan and Rao 13 '). The chain is completely rigid except 
for the allowed rotation of the -CHiOH group about the 
C5-C6 bond. This rotation is described by the dihedral 
angle x. where \ has a value of zero when the C6-06 bond 
is cis to the C4-C5 bond . Counterclockwise rotation of 
the group when looking down the C5-C6 bond represents 
positive rotation. The -CH 2 OH orientation is also des- 
cribed in terms of its orientation relative to the C4-C5 and 
CS-05 bonds: gg, gauche to C5-05 and gauche to C4-C5 
(X " -60°);gt, gauche to C5-05 and trans to C4-C5 
(X = 180°)^ tg, trans to C5-OS and gauche to C4-C5 
(X=60°) u . 

The positions of the two cellulose chains in the unit cell 
are defined by three packing parameters, whether they have 
the same ot opposite sense. These parameters are the shift 
of one chain (along c) with respect to the other chain, and 
two parameters defining the orientation of the two chains 
(about their helix axes). The relative intensities of the 002 
(medium) and 004 (strong) indicate an approximate c/4 
stagger of the chains, and hence four basic models need to 
be considered, as was the cause for the native structure'. 
In each case the first chain through (0, 0, r) has the glyco- 
sidic oxygen 01 ' at z = 0, and 'shift' describes the oaxis dis- 
placement of 01' in the second chain through (1 /2 1 17 .-)• 
the chain sense is defined as 'up' when 2qs>2cs- The four 
models are the following: Pl , parallel chains oriented up 
with a shift of +c/4 for the second chain;p 2 , parallel chains 
oriented down with a shift of +c/A for the second chain; 
"1, antiparallel chains with an up chain at the origin and a 
down chain at (1/2, 1/2, r), with a shift of -c/4;a 2 , anti- 
parallel chains as in oj , except with a shift of +c/4 for the 
second chain. 

Thus, for each of the four possible models there are 
seven refineable parameters. 
Three packing parameters: 

(1) SHIFT, the stagger of the centre chain along its helix 
axis with respect to that at the origin; 

(2) PHI, the rotation of the origin chain about its helix 



(3)« 



>n of the centre chain about its helix 



Two molecular parameters: 

(4) the dihedral angle x, which determines the Orienta- 
'ion of the -CH2OH group in the origin chain; 



(5) the dihedral angle X ' , which determines the orienta- 
tion of the -CH 2 OH group in the centre chain. 

Two crystaUographic parameters: 

(6) A', the scale factor; 

(7) £, the average isotropic temperature factor. 

The possible structural models for cellulose were refined 
by adjusting the above parameters using a least squares 
process" to provide the best fit between observed and cal- 
culated structure factor amplitudes. The agreement is mea- 
sured in terms of the usual crystaUographic residuals R, R', 
and R , which are in terms of F, weighted F and weighted 
F 2 respectively 3 '*. Observed reflections were given a weight 
of one and unobserved a weight of one half in the calcula- 
tion of R' and R", 



RESULTS AND DISCUSSION 
Structure determination 

The final values of the refineable parameters for the four 
models following refinement against the observed data and 
against the observed and unobserved (full) data are given in 
Table 2. The values of PHI and PHf are similar to those 
reported for rayon* in that the planes or the sugar rings are 
refined approximately parallel to the <rc unit cell face The 
chain stiver, SHIFT, is ~l/4c for all models except fl] . 
The Kilned value for the isotropic temperature factor is 
-32.0 A 2 in all cases, which is 60% higher than that found 
Tor rayon ,and reflects the higher disorder for Mercerized 
cellulose. As a result, the parameters x and x' are not very 
sensitive to the data and several unacceptable stereochemi- 
cal contacts exist for the -CH 2 OH groups in all four 
models. Non-bonded constraints were introduced in an 
eiTort to eliminate these bad contacts. In those situations 
where a potential hydrogen bond existed, the model was 
constrained to form that hydrogen bond. 

A stereochemically acceptable structure was found for 
model Bjj with fx X') near (p. tg), as was found for regene- 
rated cellulose". This final model has residuals R = 0.263 
R = 0.248 and R" = 0.168 for the full data. For models 
Pl , P2 and a\ , removal of the unacceptable contacts could 
only be accomplished by changing the packing parameters 
in addition to x and x . In all three cases, the R" values 
were sufficiently high that models pi,p 2 and ai can be 
eliminated in favour of model a 2 at significance levels of 
better than 1% 1{ . 



o 



POLYMER, 1978, Vol 19, February 127 



Structure of Mercerized cotton: Francis J. Kolpaketal. 

TtbhS Calculated itructura factor amplitude! for final Mercerized celluloie model ; 



25.99 
15.32 



20.59 
18.95 



(12.0) 
40.18 
21.48 



0.034 
0.101 
0.285 
0.001 



0.102 
0.010 
-0.142 



0.230 
0.1 ss 



-0.159 
-0.062 
0.070 



0.162 
-0.112 
0.143 



The refined values for the packing parameters in model 
n are: PHI = 22.0° (o w/ = 2.7°), PHf = 62.7° (o Pm - = 
2 2 ) and SHIFT = 0.227c (o stlIFT = 0.02Sc) . For the side 
groups,x = -175.1° (o x = 20.5°), placing the -CH 2 OH 
group of the origin chain within ~5° of the^r position; 
and x = 69.9 (ey = 1 5 .9°) , which positions the -CH 2 OH 
group of the centre chain within ~10° of the tg position. 
The refined isotropic temperature factor is B = 32.38 A 2 
(Ob = 339 A 2 ). The observed and calculated structure fac- 
ie: a.ne.'itudes for this model are compared in Table 3, and 
'he fractional atomic coordinates are given in Table 4. 'The 
"c projection of the proposed structure is shown in Figure 4 
the srructure is almost the same as that we have determined ' 
•or rayon ,and the ab projection is not significantly diffe- 
rent from that shown in Figure lb. 

The hydrogen bonding network in Mercerized cotton is 
identical to that in rayon and need only be summarized 
onefly. Each chain possesses an intramolecular 
03-H • • • 05' hydrogen bond as defined in the model. 
With the -CH 2 OH group near tg to the position, the centre 
down chains contain an additional 02'-H • ••06 intra- 
molecular hydrogen bond. Intermolecular hydrogen bonds 
we formed between adjacent chains in the 020 plane: an 
U6-H • • • 02 hydrogen for the comer chains and an 
h* " Mrogen bond for the centre chains. Finally 
»<wiaonal intermolecular hydrogen bonding occurs be- 
ween the antiparallel sheets of cellulose chains, in which 
"» 02 -H of a corner chain is bonded to the 02' of the 
«ntre chain along the 1 1 0 diagonal. The bond lengths and 
"ngtes for the hydrogen bonds are given in Table 5. 

Alternative side group orientation in cellulose II 
haJv' struc,ur " of regenerated and Meroerized cellulose 
'«ve been shown to be essentially identical, and thus the 
ttucture of form II is independent of the means of conver- 
l0I > from form I. The major difference is the much larger 



isotropic temperature factor for Mercerized cellulose, 
which reflects a higher degree of disorder in this form than 
in the regenerated cellulose. Possible sources of this dis- 
order arc imperfections within the cellulose I! crystallites, 
such as incorrect chain polarity at a lattice position or 
alternative orientations for the -CH 2 OH side groups. The 
confidence with which alternative packing models can be 
excluded in favour of the proposed structure precludes any 
■significant percentage of chains with incorrect polarity. 
However, the high standard deviations in the refined values 
of x and x suggest that alternative side group orientations 
may well occur. 

As confirmed by potential energy calculations", the 
-CH 2 0H groups in cellulose can be expected to adopt one 
of three staggered rotational conformations, designated gt, 
tg and gg ; these would be likely candidates for alternative 
conformations in the structure. However, since packing 
considerations can alter conformational preferences, inter- 
mediate values need to be checked as well. With the posi- 
tions of the chains fixed by the parameters for the a 2 
model, the -CH 2 0H conformations x and x' were varied 
tsof 30° and the residual calculated for each 
1. These results were then used to produce a 




C3-03---O5' 

C6-06-02a 

C2*'-O2""-06* 

C6--O6'---03'« 

C2a-O2»-"02" 
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two dimensional map of/?" contours for \ against x'. The 
calculations were performed using both the regenerated 
cellulose and Mercerized cellulose intensity data; the results 
are shown in Figures 5 and 6 respectively. In each case the 
scale and isotropic temperature factors used were those of 
the refined structure. In addition, the possibility of 
stereochemical^ bad contacts was checked for each (x, x') 

Regenerated cellulose had the lower isotropic tempera- 
ture factor, and the work for this structure is considered 
first. The R" map in Figure S shows a number of minima, 
which occur near the nine combinations of the preferred 
orientations for x and x'. A check of the stereochemistry 
reveals that six of these: (tg, tg ), (tg, gt), (tg, gg), (gt, gg), 
(gg, gg) and (gt, gt), contain unacceptable C • • 0 and 
O • • 0 non-bonded contacts and can be eliminated from 
consideration. In the remaining three models, all C • • • O 
and 0 • ■ ■ 0 non-bonded contacts are acceptable. However, 
if pendant hydrogen atoms are placed on the glucose ring 
with appropriate stereochemistry, an unacceptable H • • -p 
contact is found when x is nearer, thus eliminating the 
combinations (gg. tg) and (gg, gt). Therefore, the only 
stereochemical^ acceptable model is (gt, tg), which is the 
result from the X-ray refinement*. All of the alternative 
combinations except (gg, tg) could be eliminated in favour 
offer, tg) at a significance level of better than 5%. For 
(gg. tg) the significance level is somewhat lower. 

In addition, the proposed model is the only one com- 
pletely consistent with the infra-red evidence. In the O-H 
stretching region of the cellulose II spectrum, two of the 
five observed bands show parallel dichroism and the re- 
maining three perpendicular dichroism". One parallel band 
is expected from the 03 - • • 05' intramolecular hydrogen 
bond. Examination of possible hydrogen bonding schemes 
for the various combinations revealed that only when x or 
x' is near tg and an 06 • • - 02' intramolecular hydrogen 
bond formed will another parallel band be expected. 
Therefore, those (x, x*) combinations with neither -CH2OH 
group near tg are inconsistent with the infta-red dichroism 



in the hydroxyl stretching region. Also the dichroisms of 
the CH2 symmetric and antisymmetric stretching bands 
are consistent with gt and/or tg for the -CH2OH group, 
but rule out the gg conformation". In summary, taking 
into account the X-ray agreement, stereochemical criteria 
and infra-red evidence, only the flj model with the -CH 2 OH 
groups in the (gt, tg) conformations is fully satisfactory. 

In contrast to the results for regenerated cellulose, the 
R" map for Mercerized cotton (Figure 6) contains a single 
large minimum which contains four of the nine preferred 
(X, x') combinations: (gt, tg), (gg, tg), (gg, gt) and (gt, gt). 
The five remaining combinations and (gt, gt) have R" values 
of sufficient magnitude to be ruled out in favour of either 
(?'. 'g).(jSS,tg) or fe, fr); but, on the basis of the Hamil- 
ton 16 statistics alone, either (gg, tg) or (gg, gt) is as good a 
model for the data as (gt, tg). However, since the refined 
values of the packing parameters are similar for both regene- 
rated and Mercerized cellulose 11, similar contact criteria 
hold for the Mercerized cotton structure, and all combina- 
tions except (gt, tg) can be ruled out on this basis. Thus in 
the case of Mercerized cotton, stereochemical contact cri- 
teria are the deciding factors in the choice of a model. 

The existence of the additional R" minima for regene- 
rated cellulose suggests that a percentage of the cellulose 
chains have their pendant groups in conformations other 
than (gt, tg). These conformations most likely occur on 
thr periphery of the crystallites where the unit cell contact 
criteria may not apply. Electron microscopy 50 shows that 
regenerated cellulose (Fortisan rayon) consists of fibrillar 
crystallites with widths in the range 20-40 A. Thus an 
estimated 20-305E of the -CHiOH groups are located on 
the surface of the crystallites, where considerations other 
than crystal packing would allow the hydroxymethy] 
groups to assume a number of conformations. Morpholo- 
gical investigation of cotton Mercerized under slack condi- 
tions (see following paper 6 ) shows that the crystallites have 
widths similar to those in regenerated cellulose. X-ray line 
broadening indicates equivalent or smaller crystallites for 
cotton Mercerized under tension and thus a similar propor 




Figure ff- fl" map of th« final »j model for Mercerized cotton. 
The lined area Indicates the region where ft" < 1 6% 
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tion of the -CHiOH groups are on the exterior of the 
Mercerized cotton crystallites. However, the single mini- 
mum in the/?" map for Mercerized cotton excludes the tg 
conformation for the 'up' chains and the gg conformation 
for the 'down' chains. This suggests that the -CH2OH 
groups on the surface of the Mercerized crystallites do not 
have the same conformational freedom as in regenerated 



CONCLUSIONS 

In spite of the uncertainty about the -CH2OH group 
orientations, the presence of antiparallel chains in Mercer- 
ized cotton has been demonstrated. The stereochemically 
acceptable o 2 model is essentially identical to that deter- 
mined for regenerated cellulose 4 . The Mercerized cellulose 
structure is an array of antiparallel sheets of chains, which 
are stabilized by both intrasheet and intersheet hydrogen 
bonding. There is less crystalline perfection In Mercerized 
cellulose than in regenerated cellulose, as evidenced by the 
substantially larger isotropic temperature factor, and the 
lower sensitivity of the intensity data to the position of 
the -CH 2 OH groups for the former. 

For regenerated cellulose, additional minima occur in 
the R map corresponding conformations of the CH 2 OH 
group other than the gt, tg combination required in the 
crystal structure. Thus the X-ray agreement for these con- 
formations is reasonably good, but they are eliminated by 
stereochemical criteria. However, up to half the chains 
are on the edges of the crystallites, where the packing re- 
quirements are partially relaxed, and where other CH 2 OH 
conformations will be allowed. The exfstence of the nine 
minima in the R map suggests that all possible combina- 
tions o{gt, tg and gg do in fact occur for regenerated cellu- 
lose. In contrast, the single large minimum for Mercerized 
cotton suggests that not all orientations are available to 
the CH 2 OH groups. From this it can be argued that the 
7CH2OH groups could have limited rotational freedom 
during the conversion process, and hence not all confor- 
mations can be adopted after the swelling agent is removed. 
I he substantially higher degree of disorder in Mercerized 
cotton as compared with regenerated cellulose suggests 
that the defects caused by alternative -CH 2 OH orientations 
may occur within the crystallites as well as on the periphery. 

The refined structure requires a change from parallel to 
antiparallel chain polarity during Mercerization. Since the 



cellulose chains are not dissolved in this process, the swell- 
ing of the fibres by the alkali medium must provide the 
necessary freedom for chain rearrangement. The intersheet 
hydrogen bonding found in cellulose 11 is one of the most, 
significant differences between this structure and the native 
form. This feature of the structure almost certainly provides 
a driving force for the cellulose chains to adopt the cellu- 
lose II lattice once the swelling medium is removed. 
Changes which occur in the degree of orientation and 
crystallite size after even low degrees of conversion indi- 
cate that substantial morphological rearrangement is taking 
place upon Mercerization. A further investigation of these 
morphological changes is reported in the following paper'. 
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